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(57) Abstract: Physical vapor deposition processes provide optical materials with controlled and uniform refractive index that meet 
the requirements for active and passive planar optical devices. All processes use radio frequency (RF) sputtering with a wide area 
target, larger in area than the substrate on which material is deposited, and uniform plasma conditions which provide uniform target 
erosion. In addition, a second RF frequency can be applied to the sputtering target and RF power can be applied to the substrate 
producing substrate bias. Multiple approaches for controlling refractive index are provided. The present RF sputtering methods 
for material deposition and refractive index control are combined with processes commonly used in semiconductor fabrication to 
produce planar optical devices such surface ridge devices, buried ridge devices and buried trench devices. A method for forming 
composite wide area targets from multiple tiles is also provided. 
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PLANAR OPTICAL DEVICES AND METHODS FOR THEIR MANUFACTURE 

5 RELATED APPLICATIONS 

This application claims benefit of Atty. Dkt. No. M-7637-1P US (USSN NOT YET 
KNOWN), filed 10 July 2001, which is a continuation-in-part of U.S. Serial No.: 
09/633,307, filed 7 August 2000, both of which are incorporated herein by reference. 

10 FIELD OF THE INVENTION 

This invention relates generally to planar optical devices and materials and methods 
used in their manufacture, and, in particular, to optical components such as waveguides 
and amplifiers, and physical vapor deposition methods for their manufacture. 

15 BACKGROUND 

The increasing prevalence of fiber optic communications systems has created an 
unprecedented demand for devices for processing optical signals. Planar devices such as 
optical waveguides, couplers, splitters, and amplifiers, fabricated on planar substrates, like 
those commonly used for integrated circuits, and configured to receive and process signals 

20 from optical fibers are highly desirable. Such devices hold promise for integrated optical 
and electronic signal processing on a single semiconductor-like substrate. 

The basic design of planar optical waveguides and amplifiers is well known, as 
described, for example in U. S. Patent Nos. 5,119,460 to Bruce et al. 5,613,995 to 
Bhandarkar et al., (hereafter '995), 5,900,057 to Buchal et al., and 5,107,538 to Benton et 

25 al, to cite only a few. The devices consist, very generally, of a core region, typically bar 
shaped, of a certain refractive index surrounded by a cladding region of a lower refractive 
index. In the case of an optical amplifier, the core region contains a certain concentration 
of a dopant, typically a rare earth ion such as an erbium or praseodymium ion which, when 
pumped by a laser, fluoresces, for example, in the 1550 nm and 1300 nm wavelength 

30 range, respectively, used for optical communication, amplifying the optical signal passing 
through the core. 

The performance of these planar optical devices depends sensitively on the value 
and uniformity of the refractive index of the core region and of the cladding region, and 
particularly on the difference in refractive index, An, between the regions. Particularly for 
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passive devices such as waveguides, couplers, and splitters, An needs to be sensitively 
controlled at values less than 1 % and the refractive index of both core and cladding need 
to be highly uniform, for some applications at the fewer than parts per thousand level. In 
the case of doped materials forming the core region of planar optical amplifiers, it is 
5 important that the dopant be uniformly distributed so as to avoid non-radiative quenching 
or radiative quenching, for example by upconversion. The refractive index and other 
desirable properties of the core and cladding regions, such as physical and chemical 
uniformity, low stress, and high density, depend, of course, on the choice of materials for 
the devices and on the processes by which they are fabricated. 

1 0 Because of their optical properties, silica and refractory oxides such as A1 2 0 3 , are 

good candidate materials for planar optical devices. Further, these oxides serve as suitable 
hosts for rare earth dopants used in optical amplifiers. A common material choice is so- 
called low temperature glasses, doped with alkali metals , boron, or phosphorous have the 
advantage of requiring lower processing temperatures. In addition, dopants are used to 

15 modify refractive index. Methods such as flame hydrolysis, ion exchange for introducing 
alkali ions in glasses, sputtering, and various chemical vapor deposition processes (CVD) 
have been used to form films of doped glasses. However, dopants, such as phosphorous 
and boron are hygroscopic, and alkalis are undesirable for integration with electronic 
devices. Control of uniformity of doping in CVD processes can be difficult and CVD 

20 deposited films can have structural defects leading to scattering losses when used to guide 
light. In addition, doped low temperature glasses may require further processing after 
deposition. A method for eliminating bubbles in thin films of sodium-boro-silicate glass 
by high temperature sintering is described, for example, in the '995 patent to Bhandarkar et 
al. 

25 In the case of pure Si0 2 , the most uniform optical material presently known is by 

atmospheric pressure thermal oxide (APOX). The APOX process can provide a 1 3 pm 
thick silica film having a precise refractive index of 1 .4584, at 1 550 nm, with a la 
variance in the refractive index across a 150 mm wafer of 3xl0~ 5 . However, the APOX 
process does not provide a method of making films with different indices of refraction. It 

30 is, therefore, not suitable for forming a waveguide core film with a desired refractive index 
(n). 

Thus, there remains a need for a process to provide optical materials with a 
specified and uniform index of refraction for planar optical devices. It would be desirable 
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if the material additionally exhibits high optical transparency, low stress, and high density 
and is free of structural defects. 

SUMMARY 

5 A physical vapor deposition process provides optical materials with controlled and 

uniform refractive index that meet the requirements for active and passive planar optical 
devices. According to a first aspect of the present invention, radio frequency (RF) 
sputtering of a wide area target in the presence of a sputtering gas under a condition of 
uniform target erosion is used to deposit physically and chemically uniform material on a 

1 0 substrate. The substrate is positioned opposite a planar target of the material to be 

deposited, the area of the target being larger than the area of the substrate. A central area 
of the target of the same size as the substrate and overlying the substrate is exposed to a 
uniform plasma condition, which provides a condition of uniform target erosion. A 
uniform plasma condition can be created without magnetic enhancement, termed diode 

1 5 sputtering, or by providing a time-averaged uniform magnetic field by scanning a magnet 
across the target in a plane parallel to the plane of the target 

According to an aspect of the present invention, a film deposited on the substrate 
using a wide area target and uniform target erosion is of uniform thickness for targets with 
an area at least 1 .5 times the area of the substrate. In addition, film deposited on a 

20 substrate positioned opposite a central region of the target inside the region providing film 
thickness uniformity exhibits physical and chemical uniformity useful for fabricating 
optical devices. The region providing chemical uniformity can be coextensive with the 
region providing thickness uniformity. 

According to another aspect of the present invention, a dual frequency RF 

25 sputtering process is used in which the high frequency RF power applied to the target is 
augmented by applying low frequency RF power to the target, resulting in densification of 
the deposited film and better coverage of features when deposited over underlying layers. 
Further, the dual frequency RF process can be used to tune the refractive index of the 
deposited film. Keeping the total RF power the same, the refractive index tends to increase 

30 with the ratio of low frequency to high frequency RF power. 

In yet another method, RF power is applied to the substrate resulting in substrate 
bias. Substrate bias is used with single frequency or with dual frequency RF sputtering to 
provide improved density and morphology of deposited films and to complete coverage 
and filling of features on underlying layers. Furthermore, substrate bias contributes to 
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uniformity of refractive index. Films deposited by diode sputtering including application 
of substrate bias demonstrate exceptional refractive index uniformity and low average 
surface roughness. 

According to another aspect of the present invention, the refractive index of the 
5 material deposited using an RF sputtering process can be deliberately tuned by modifying 
other plasma processing conditions. First, raising the deposition temperature increases the 
refractive index of the resulting material. Second, increasing the RF power applied to the 
target increases the refractive index of the deposited material. Third, a reactive process gas 
can be added to the sputtering chamber which effectively modifies the chemical 

10 composition of the deposited material with a corresponding change in refractive index. 
Additionally, the refractive index of deposited material can be modified by using a target 
material in a specific oxidation state. The RF sputtering method is applicable to depositing 
pure materials and mixed materials including materials containing rare earth dopants for 
optical amplifier applications. Thus, wide area RF sputtering can be used together with the 

15 present refractive index control methods to provide core and cladding materials with a 
desired difference in refractive index for planar optical waveguides and optical amplifiers. 

The present RF sputtering methods for material deposition and refractive index 
control are combined with processes commonly used in semiconductor fabrication to 
produce planar optical devices. A surface ridge optical device is produced by using RF 

20 sputtering to deposit a stack comprising an upper cladding layer, a middle core layer, and a 
lower cladding layer on a substrate. A ridge is etched into the upper cladding layer and 
partway through the thickness of the core layer to produce the surface ridge device. A 
buried ridge device is produced by etching a ridge into a layer of core material overlying a 
cladding layer. A top layer of cladding material is deposited over the core ridge by RF 

25 sputtering with substrate bias. Use of substrate bias enables the cladding layer to 

completely cover the exposed ridge without defects. Further, the deposition methods 
described here are used to fabricate a buried trench device in which RF sputtering with 
substrate bias completely fills a trench in a layer of cladding material with core material. 
Finally, a method for forming composite wide area targets from multiple tiles is 

30 provided. The method includes positioning the tiles on a backing plate in a noncontact 
array. 
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BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 a is a schematic drawing of a physical vapor deposition apparatus in which 
wide area target RF sputtering, according to embodiments of the present invention, is 
performed. FIG. lb is an expanded view of a portion of the apparatus of FIG. la. 
5 FIG. 2 is a top down view of the wide area target, scanning magnet, and carrier 

sheet of the apparatus of FIG. 1 . 

FIG. 3 is a detail view of a composite target according to an embodiment of the 
present invention. 

FIGS. 4a and 4b are cross section views illustrating a process of fabricating a 
1 0 surface ridge planar optical device, in which processes according to embodiments of the 
present invention, are used. 

FIGS. 5a - 5e are cross section views illustrating a process of fabricating a buried 
ridge planar optical device, in which processes according to embodiments of the present 
invention, are used. 

15 FIGS. 6a - 6f are cross section views illustrating the process of fabricating a buried 

trench planar optical device, in which processes according to embodiments of the present 

invention, are used. 

FIG. 7 is a scanning electron micrograph (SEM) of a layer deposited over a 

substrate patterned with trenches by a RF sputtering process including substrate bias, 
20 according to an embodiment of the present invention. 

DETAILED DESCRIPTION 

A physical vapor deposition process provides optical materials with controlled and 

uniform refractive index that meet the requirements for active and passive planar optical 

devices. The process uses radio frequency (RF) sputtering with a wide area target and a 
25 condition of uniform target erosion and includes multiple approaches for controlling 

refractive index. 

An apparatus 10 for RF sputtering of controlled refractive index material for planar 
optical devices is illustrated schematically in FIG. la. The apparatus includes a wide area 
sputter source target 12 which provides material to be deposited on substrate 1 6. Substrate 
30 16 is positioned parallel to and opposite target 12. Target 12 functions as a cathode when 
RF power is applied to it and is equivalently termed the cathode. Target 12 is a uniform 
source of material having a uniform index of refraction. Target 12 is typically composed 
of pure materials such as quartz, alumina, or sapphire, (the crystalline form of alumina), or 
mixtures of compounds of optically useful materials. Optically useful materials include 
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oxides, fluorides, sulfides, nitrides, phosphates, sulfates, and carbonates, as well as other 
wide band gap semiconductor materials. To achieve uniform deposition, target 12, itself is 
chemically uniform, flat, and of uniform thickness over an extended area. In practice, 
target 12 is a composite target fabricated from individual tiles, precisely bonded together 
5 on a backing plate with minimal separation. A method of making chemically uniform tiles 
of mixed materials and attaching them to a backing plate 25, forming target 12, comprises 
another aspect of the present invention that is described in detail below. The complete 
target assembly also includes structures for cooling the target as described in U. S. Patent 
No. 5,565,071 to Demaray et al, and incorporated herein by reference. 

1 0 For fabricating planar optical devices, substrate 16 is a solid, smooth surface. 

Typically, substrate 16 is a silicon wafer or a silicon wafer coated with a layer of silicon 
oxide formed by a chemical vapor deposition process or by a thermal oxidation process. 
Alternatively, substrate 16 is a glass, such as Corning 1737 (Corning Inc., Elmira, NY), a 
glass-like material, quartz, a metal a metal oxide, or a plastic material. Substrate 1 6 

1 5 typically is supported on a holder or carrier sheet 17 that may be larger than substrate 16. 

An essential feature of the present method is that the area of wide area target 12 is 
greater than the area on the carrier sheet on which physically and chemically uniform 
deposition is accomplished. Secondly, it is also essential that a central region on target 12, 
overlying the substrate 16, be provided with a very uniform condition of sputter erosion of 

20 the target material. Uniform target erosion is a consequence of a uniform plasma 

condition. In the following discussion, all mention of uniform condition of target erosion 
is taken to be equivalent to uniform plasma condition. Uniform target erosion is evidenced 
by the persistence of film uniformity throughout an extended target life. A uniform 
deposited film is defined as a film having a nonuniformity in thickness, when measured at 

25 representative points on the entire surface of a substrate wafer, of less than about 5 %. 
Thickness nonuniformity is defined, by convention, as the difference between the 
minimum and maximum thickness divided by twice the average thickness. If films 
deposited from a target from which more than about 20 % of the weight of the target has 
been removed continue to exhibit thickness uniformity, then the sputtering process is 

30 judged to be in a condition of uniform target erosion for all films deposited during the 
target life. 

Thus, it is essential that a uniform plasma condition be created in the region 
between the target and the substrate overlying the substrate. The region of uniform plasma 
condition is indicated in the exploded view of FIG. lb. A plasma is created in the region 
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denoted 51, which extends under the entire target 12. The central region of the target 52, 
experiences the condition of uniform sputter erosion. As discussed further below, a layer 
deposited on a substrate placed anywhere below central region 52 will have uniform film 
thickness. 

5 In addition, the region in which deposition provides uniform film thickness is larger 

than the area in which deposition provides a film with uniform physical or optical 
properties such as chemical composition or index of refraction. In the present invention it 
is essential that the target be planar or approximately planar for the formation of a film on 
a planar substrate which is to be coated with the material of the target. In practice, 

10 planarity of the target means that all portions of the target surface in region 52 are within a 
few millimeters of a planar surface, typically within 0.5 mm. 

Multiple approaches to providing a uniform condition of sputter erosion of the 
target material can be used. A first approach is to sputter without magnetic enhancement. 
Such operation is referred to as diode sputtering. Using a large area target with a diode 

15 sputtering process, a dielectric material can be deposited so as to provide suitably uniform 
film thickness over a central portion of an adjacent substrate area. Within that area, an area 
of highly uniform film may be formed with suitable optical uniformity. The rate of 
formation of films of many microns of thickness by diode sputtering can be slow for small 
targets. However, in the present method, using large targets, a disadvantage in speed of 

20 diode sputtering can be compensated by batch processing in which multiple substrates are 
processed at once. 

Other approaches to providing a uniform condition of sputter erosion rely on 
creating a large uniform magnetic field or a scanning magnetic field that produces a time- 
averaged, uniform magnetic field. For example, rotating magnets or electromagnets can be 

25 utilized to provide wide areas of substantially uniform target erosion. For magnetically 
enhanced sputter deposition, a scanning magnet magnetron source is used to provide a 
uniform, wide area condition of target erosion. Diode sputtering is known to provide 
uniform films; the magnetron sputtering process described here provides diode-sputtering- 
like uniformity in a magnetically enhanced sputtering process. 

30 As illustrated in FIG. 1 a, apparatus 1 0 also includes a scanning magnet magnetron 

source 20 positioned above target 12. A scanning magnetron source used for dc sputtering 
of metallic films is described in U. S. Patent No. 5,855,744 to Halsey, et. al., (hereafter 
4 744), which is incorporated herein by reference, and in references therein. The '744 
patent demonstrates the improvement in thickness uniformity that is achieved by reducing 
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local target erosion due to magnetic effects in the sputtering of a wide area rectangular 
target. By reducing the magnetic field intensity at these positions, the local target erosion 
was decreased and the resulting film thickness nonuniformity was improved from 8%, to 
4%, over a rectangular substrate of 400 x 500 mm. 
5 A top down view of magnet 20 and wide area target 12 is shown in FIG. 2. A film 

deposited on a substrate positioned on carrier sheet 17 directly opposed to the region of the 
target indicated by reference numeral 22 has good thickness uniformity. Area 22 is the 
same size as region 52 of the target, FIG. lb, that is exposed to a uniform plasma 
condition. In some implementations, carrier 17 is coextensive with region 22. Reference 

10 24 indicates the area below which both physically and chemically uniform deposition is 
achieved, where physical and chemical uniformity provide refractive index uniformity. 
FIG. 2 indicates that the region 22 of the target providing thickness uniformity is, in 
general, larger than the region 24 of the target providing thickness and chemical 
uniformity. In optimized processes, however, regions 22 and 24 may be coextensive. 

1 5 Magnet 20 extends beyond area 22 in one direction, the Y direction in FIG. 2, so 

that scanning is necessary in only one direction, the X direction, to provide a time averaged 
uniform magnetic field. As shown in FIGS, la and lb, magnet 20 is scanned over the 
entire extent of target 12 which is larger than the region 52 of uniform sputter erosion. 
Magnet 20 is moved in a plane parallel to the plane of the target. 

20 Using a wide area target and a scanning magnet to RF sputter a planar silica target 

12 of dimension 550 x 650 mm, a film with thickness nonuniformity of ± 5% has been 
obtained on a substrate placed opposite a region of the target of dimension 300 x 400 mm. 
The thickness nonuniformity of a 300 mm diameter circular substrate at the center of this 
region can be less than ±3%. Refractive index nonuniformity at the 1 50 mm center of the 

25 region of less than one part in a thousand has been obtained. The results reported here 

have been obtained, however, without extensive optimization. Those skilled in the art will 
recognize that by changing details of the scanning of the magnet, such as the tilt and dwell 
of the magnet, as described, for example, in '744, fiirther optimization can be achieved. A 
useful general criterion for the present method of RF sputter deposition, therefore, is that 

30 the wide area target be at least 1 .5 times the area of the region on the carrier sheet on 

which physically uniform deposition is obtained. Since the carrier sheet can accommodate 
a single large substrate or multiple smaller substrates, the criterion can be expressed as the 
requirement that the area of the target be at least 1 .5 times the area of the substrate. 
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Alternative sputter source designs might be expected to provide a film on a 150 
mm wafer with a thickness nonuniformity less than 5%. The results reported for sample C 
in Example 1 below, demonstrate 4.4% thickness nonuniformity, which corresponds to 
slightly more than 1.5 % 1 sigma variance. As sample C shows, the nonuniformity of the 
5 index of refraction is .067%, or less than 1 part in a thousand. What is not obvious is that a 
film with more than 1 .5 % 1 sigma thickness variance should have a uniformity of index of 
refraction more than an order of magnitude better. According to one aspect of the present 
invention, the uniform index of refraction is due to the attributes of the wide area, uniform 
region of target erosion. 

1 0 The present method using a wide area target with uniform sputter erosion offers 

significant advantages over previous deposition approaches. It is possible to form a film 
with uniform thickness using a target that is smaller in plane area than the substrate. One 
way to do so is to move the substrate with respect to the source or cathode in such a 
fashion that the film formed is uniform in thickness. However, such a film will not have 

1 5 been formed under uniform process conditions, such as plasma density, the rate and angle 
of arrival of the vapor at the substrate, etc. Thus such films will not be uniform in physical 
properties such as density, refractive index, or resistivity, resulting in nonuniform optical 
and electrical performance. 

It is also well known that it is possible to form a film of uniform thickness from a 

20 nonuniform sputter source, say a sputter target with a stationary sputter groove having 
substantial and increasingly nonuniform erosion through the useful portion of the target 
life. Such an approach is described, for example, in U.S. Patent No. 5,252,194 to Demaray 
et al. Similarly, such a nonuniform source of material will not form a film having uniform 
electrical or optical properties. The example of the ring or cone shaped sputter source 

25 illustrates one effect. The anisotropy of the angle of arrival alone can have a substantial 
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uniform film thickness. In addition, the region of uniform film thickness is greater than or 
equal to the region of the film which is to have highly uniform optical properties such as 
index of refraction, density, transmission or absorptivity. 

Returning to FIG. la, apparatus 10 includes RF generator 14 for applying RF 
5 power to target 1 2 to generate a plasma in a background gas. RF generator 14 is a high 
frequency source, conventionally operated at 13.56 MHz. Typical process conditions for 
RF sputter deposition include applying high frequency RF power in the range of about 500 
to 5000 watts. An inert gas, typically, argon, is used as the background sputtering gas. 
The deposition chamber is operated at low pressure, between about .5 millitorr and 8-10 
1 0 millitorr. Typical process pressure is below about 2 millitorr where there are very few 

collisions in the gas phase, resulting in a condition of uniform "free molecular" flow. This 
ensures that the gas phase concentration of a gaseous component is uniform throughout the 
process chamber. 

For example, in the apparatus used in the Examples below, background gas flow 

15 rates in the range of about 30 to about 100 seem, used with a pump operated at a fixed 
pumping speed of about 50 liters/second, result in free molecular flow conditions. The 
distance d, in FIG. 1 a, between the target and the substrate is varied between about 4 cm 
and 9 cm. A typical source to substrate distance d is 6 cm. The source to substrate distance 
is chosen to optimize the thickness uniformity of the film. At large source to substrate 

20 distances the film thickness distribution is dome shaped with the thickest region of the film 
at the center of the substrate. At close source to substrate distance the film thickness is dish 
shaped with the thickest film formed at the edge of the substrate. The substrate temperature 
is held constant in the range of about -40 °C to about 550 °C and can be maintained at a 
chosen temperature to within about 10 °C by means of preheating the substrate and the 

25 substrate holder prior to deposition. During the course of deposition, the heat energy 

impressed upon the substrate by the process must be conducted away from the substrate by 
cooling the table on which the substrate is positioned during the process, as known to those 
skilled in the art. The process is performed under conditions of uniform gas introduction, 
uniform pumping speed, and uniform application of RF power to the periphery of the 

30 target as known to skilled practitioners. 

The speed at which a scanning magnet 20 is swept over the entire target is 
determined such that a layer thickness less than about 5 to 10 A, corresponding roughly to 
two to four monolayers of material, is deposited on each scan. The rate at which material 
is deposited depends on the applied RF power and on the distance d, in FIG. la, between 
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the target 12 and the substrate 16. With the silica target described above, scanning speeds 
between about 2 sec/one-way scan across the target to 20-30 sec/scan provide a beneficial 
layer thickness. Limiting the amount of material deposited in each pass promotes chemical 
and physical uniformity. With the typical process conditions, the rate of deposition of pure 
5 silica is approximately 0.8 A/kW-sec. At an applied RF power of 1 kW. the rate of 

deposition is 0.8 A/sec. At a magnet scan speed that provides a scan of 2 seconds, a film of 
1.8 A nominal thickness is deposited. 

A thickness of 2.4 A can be associated with one monolayer of amorphous silica 
film. The impingement rate of process gas equivalent to a monolayer per second occurs at 

1 0 approximately lxlO" 6 torr. The process gas may contain oxygen atoms ejected from the 
silica during sputtering in addition to the background inert gas. For typical process 
conditions near 1 millitorr, 4xl0 3 monolayers of process gas impinge on the film during the 
4 second period of deposition. These conditions provide adequate means for the 
equilibration of the adsorbed sputtered material with the process gas, if the sputtered 

1 5 material has a uniform composition. Uniform, wide area target erosion is required so as to 
ensure that the adsorbed sputtered material has a uniform composition. 

According to another aspect of the present invention, a dual frequency RF 
sputtering process, in which low frequency RF power is also applied to the target, is used. 
Returning to FIG. la, apparatus 10 includes RF generator 15, in addition to RF generator 

20 14 described previously. RF generator 14 is a high frequency source, typically 13.56 
MHz, while RF generator 15 provides power at a much lower frequency, typically from 
about 100 to 400 kHz. Typical process conditions for dual frequency RF deposition 
include high frequency RF power in the range of about 500 to 5000 watts and low 
frequency RF power in the range of about 500 to 2500 watts where, for any given 

25 deposition, the low frequency power is from about a tenth to about three quarters of the 
high frequency power. The high frequency RF power is chiefly responsible for sputtering 
the material of target 12. The high frequency accelerates electrons in the plasma but is not 
as efficient at accelerating the much slower heavy ions in the plasma. Adding the low 
frequency RF power causes ions in the plasma to bombard the film being deposited on the 

30 substrate, resulting in sputtering and densification of the film. 

In addition, the dual frequency RF deposition process generally results in films 
with a reduced surface roughness as compared with single frequency deposition. For silica, 
films with average surface roughness in the range of between about 1 .5 and 2.6 nm have 
been obtained with the dual frequency RF process. Experimental results for single and 
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dual frequency deposition are further described in Example 4 below. As discussed in the 
co-filed, commonly assigned U.S. application Attorney Docket No. M-l 1522 US, (the 
l 522 application) which is incorporated herein by reference, reducing surface roughness of 
core and cladding materials is key to reducing scattering loss in planar optical devices. 
5 Further, the dual frequency RF process can be used to tune the refractive index of 

the deposited film. Keeping the total RF power the same, the refractive index of the 
deposited film tends to increase with the ratio of low frequency to high frequency RF 
power. For example, a core layer of a planar waveguide can be deposited by a dual 
frequency RF process, and the same target 12, can be used to deposit a cladding layer 

1 0 using a single frequency RF process. Introducing low frequency RF power in the core 
layer deposition process can therefore be used to provide the difference in refractive index 
between core and cladding layer materials. 

It is particularly beneficial to further augment the single frequency or dual 
frequency RF sputtering process by additionally applying RF power to the substrate 1 6, 

15 using, for example, substrate RF generator 18. Applying power to the substrate, resulting 
in substrate bias, also contributes to densification of the film. The RF power applied to the 
substrate can be either at the 13.56 MHz high frequency or at a frequency in the range of 
the low frequency RF. Substrate bias power similar to the high frequency RF power can 
be used. 

20 Substrate bias has been used previously to planarize sputter deposited quartz films. 

A theoretical model of the mechanism by which substrate bias operates, has been put 
forward by Ting et al. (J. Vac. Sci. Technol. 15, 1 105 (1978)). When power is applied to 
the substrate, a so-called plasma sheath is formed about the substrate and ions are coupled 
from the plasma. The sheath serves to accelerate ions from the plasma so that they 

25 bombard the film as it is deposited, sputtering the film, and forward scattering surface 
atoms, densiiying the film and eliminating columnar structure. The effects of adding 
substrate bias are akin to, but more dramatic than, the effects of adding the low frequency 
RF component to the sputter source. 

Using the bias sputtering process, the film is simultaneously deposited and etched. 

30 The net accumulation of film at any point on a surface depends on the relative rates of 
deposition and etching, which depend respectively, on the power applied to the target and 
to the substrate, and to the angle that the surface makes with the horizontal. The rate of 
etching is greatest for intermediate angles, on the order of 45 degrees, that is between 
about 30 and 60 degrees. 
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The target and substrate powers can be adjusted such that the rates of deposition 
and etching are approximately the same for a range of intermediate angles. In this case, 
films deposited with bias sputtering have the following characteristics. At a step where a 
horizontal surface meets a vertical surface, the deposited film makes an intermediate angle 
5 with the horizontal. On a surface at an intermediate angle, there will be no net deposition 
since the deposition rate and etch rate are approximately equal. There is net deposition on 
a vertical surface. 

A bias sputtering process without magnetic enhancement has been observed to 
provide deposited films with exceptionally low surface roughness and exceptional 

10 refractive index uniformity. As described in Example 5 below, using substrate bias in a 
diode sputtering process, a silica film with an average surface roughness of 0.14 nra and a 
refractive index uniformity of less than 4xl0" 5 % has been obtained. Further, as 
demonstrated in FIG. 7, diode bias sputtering produces structures with the characteristic 
intermediate angle of the external surface of the film portion covering a raised ridge. 

1 5 Diode bias sputtering therefore, offers particular advantages for forming the core layer of 
certain waveguide structures, as further discussed in the '522 application. 

Dual frequency RF sputter deposition processes or single or dual frequency RF 
sputtering including substrate bias provide dense films with excellent physical structure for 
use in planar optical devices. The present processes overcome problems that have been 

20 observed in the past in some conventionally deposited, particularly CVD deposited films, 
which can display so-called "columnar", through thickness structure. In cross section, 
under magnification, the structure appears like a close packed group of columns or grains. 
Between the columns, there is often a diffusion path, referred to as "leader" defects. The 
columnar morphology contributes to the roughness of the surfaces and sidewalls of 

25 conventional films after etching during fabrication into devices. The through thickness 
defects as well as the surface roughness scatters guided light, resulting in insertion and 
transmission losses. Thus the transparency of materials produced by dual frequency and 
substrate bias deposition is advantageous for building low loss optical devices. 

The use of substrate bias can also influence the refractive index of the deposited 

30 film. In the case of an argon gas process, it can be expected that substrate bias will result in 
densification and etching of the film. An argon bias process can be expected to rise the 
index of a film deposited from a pure SiC^ target. However, the rate of etching is 
proportional to the local plasma density and that density is proportional to the local plasma 
density at the target cathode. Here again, the uniformity of the target plasma, as 
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demonstrated by the uniformity of the nearby target erosion is very important for the 
uniformity of the effect of the substrate bias. Thus, use of substrate bias reinforces the 
benefits of the wide area target used under condition of uniform target erosion, of the 
present invention, to provide films with highly uniform optical properties. 
5 According to another aspect of the present invention, the refractive index of the 

material deposited using an RF sputtering process can be deliberately tuned by modifying 
other plasma processing conditions, provided that such process conditions influence a 
substantially uniform region of a wide area cathode in a uniform way. First, it has been 
determined that raising the deposition temperature increases the refractive index of the 

1 0 resulting material. Second, increasing the RF power applied to the target increases the 
refractive index of the deposited material. Third, a reactive process gas can be added to 
the sputtering chamber which effectively modifies the chemical composition of the 
deposited material with a corresponding change in refractive index. In general, adding a 
reducing gas, such as hydrogen, increases the refractive index and adding an oxidizer, such 

15 as oxygen, decreases the refractive index. Nitrogen is also a useful process gas. The 
direction of the effect on refractive index of replacing some of the argon with nitrogen 
depends on the chemical composition of the target. 

For example, as reported in detail in Example 1, for a pure silica, that is SiC>2, 
target, increasing the process temperature from 40 °C to 400 °C results in an over 0.7 % 

20 increase in refractive index, from 1.438 to 1.449. The process temperature is the 
temperature at which the substrate carrier 17 is uniformly maintained. All refractive 
indices reported here are measured at 1 550 nm. Increasing the process power from 800 W 
to 1200 W increases the refractive index of the deposited material by about 0.5 %. Larger 
changes can be effected by using higher process power or by using reactive process gases 

25 in the sputtering chamber. Replacing a third of the argon with nitrogen at 1 50 °C provides 
an increase in refractive index of about 7 %. Replacing argon as the sputtering gas with a 
mixture of 2% H2 in Ar results in an increase in refractive index of over 2% at 150 °C. 

Another approach to providing material with a tailored refractive index is to 
employ a target material in a specific oxidation state. In the silicon/oxygen system, for 

30 example, the refractive index of a bulk S1O2 target is typically around 1 .44. Using the 
present refractive index control methods with an SiC>2 target, materials with refractive 
indices between 1 .44 and 1.58 have been obtained. Alternatively, as demonstrated in 
Example 3, target 12 can be composed of silicon monoxide, SiO, which in the bulk state 
has a refractive index on the order of 1.8. RF sputtered SiO using argon as the sputtering 
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gas has a refractive index slightly above 2, while SiO that was sputtered using a mixture of 
argon and nitrogen can have a refractive index lowered by over 15% to below 1.75, 
depending on the process conditions. 

While not bound by any theory, the inventors explain the observed process gas 
5 effects on refractive index in the silicon/oxygen system in terms of free electron density on 
the silicon atoms in the material. Metallic silicon with a high electron density has a high 
refractive index, about 3.4. Combining silicon atoms with oxygen, which is highly 
electronegative, that is electron withdrawing, reduces the electron density on silicon, 
reducing the refractive index to 1.8, for SiO, and to 1.44 for Si0 2 . During sputtering of 

1 0 SiO, some of the oxygen is removed by collision with argon ions in the plasma, resulting 
in sputtered material with a higher refractive index than the SiO target. Nitrogen atoms are 
electronegative, but not as strongly electronegative as oxygen. When nitrogen is used as a 
process gas in sputtering of SiO, some nitrogen is added to SiO to form SiON, in which the 
N adds to withdrawing electrons from Si, lowering the refractive index. However, when 

1 5 nitrogen is used in sputtering of Si0 2 , some nitrogen replaces oxygen to form some SiON. 
In this case, the nitrogen is less electronegative than the oxygen and the refractive index 
goes up. With this understanding, the practitioner can use reactive process gases to tune 
refractive index at will. 

For passive optical devices, differences in refractive index between the core and the 

20 cladding of between about 0.25% and 1 .5% are typically required. Thus, wide area RF 
sputtering can be used together with choice of target oxidation state and refractive index 
control by varying temperature, power and/or reactive gas to produce both core and 
cladding materials with a desired An. The ability to reproducibly and uniformly provide 
materials with a range of refractive index enables designers to optimize optical 

25 components for geometric or other considerations and specify the desired refractive index 
of the materials rather than being limited to the values that result from conventional CVD 
deposition processes. 

The specific examples discussed to this point have focused on deposition from 
targets composed of oxides of silicon. The wide area target RF sputtering process is 

30 likewise advantageous for deposition of rare earth doped materials used for the core region 
of planar optical amplifiers. To deposit rare earth doped materials, a target that is a 
mixture or compound of the rare earth, typically an oxide, fluoride, sulfide, or nitride, and 
a suitable oxide host is used. For example, to deposit Er doped SiO, powdered SiO and 
Er 2 03 is thoroughly mixed, and formed into tiles by low temperature isostatic pressure. 
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The present method can be applied to provide rare earth compounds doped in any of the 
combinations of oxides, including silica and alumina, or silica and alumina augmented by 
such other host material as yittria, zirconia, titania, or other materials that have been 
proposed for optical amplifier applications. A mixture of rare earth dopants can be 
5 provided, as desired. 

Doping oxides of silicon with erbium raises the refractive index of the doped 
material with respect to the refractive index of the host material. For example, as reported 
here in sample C of Example 2, a film with an Er concentration of approximately 2 x 10 20 
atoms/cm 3 in SiO, deposited by RF sputtering, has a refractive index that is 2.3% above 

1 0 that of RF sputtered SiO. The difference in refractive index between the doped core region 
and the cladding region has an important effect on the performance of planar optical 
amplifiers. For amplifiers, An values between about 025% and 15% are typically 
required. The index control methods described here are beneficially used to provide 
cladding region materials with a suitable An with respect to the doped core region. In the 

15 past, additional, so-called tertiary, species such as alkali, phosphorous, boron, and ceria 
have been introduced into optical layers for refractive index control, raising the index of 
the core or bringing the refractive index of the cladding up to a desired An from the 
refractive index of the doped core. Such tertiary species can diffuse into the core region 
and detrimentally interfere with rare earth ion luminescence. Moreover, such tertiary 

20 species can raise the coefficient of thermal expansion of the material causing stress and 
birefringence problems. The present method of wide area target RF sputtering with index 
control avoids the disadvantages of index modification by tertiary additives. 

The chief requirement for applying the present method to deposit doped mixed 
oxide materials for use in optical amplifiers is that the wide area alloy target be completely 

25 uniform in chemical composition, at least to the level of the powder metallurgy utilized to 
form the powder mixture. Typical powder sizes are between tens and hundreds of 
microns. In the case of refractory oxide additions, it may be useful to pre-alloy these with 
the rare earth additions. Plasma spray, transient melting or induction melting may be 
utilized to form a powder which is a solution or alloy of such materials. In the case of 

30 mixed materials containing alumina, for example, the low sputter yield of pure alumina can 
lead to segregation of the target material during sputtering. This causes the film to be low 
in aluminum with respect to the alloy target composition. It also can lead to particle 
production from the cathode. The high solubility of the rare earth material in alumina and 
the high sputter efficiency of the rare earth doped alumina suggest that practical formation 
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of a sputter target material proceed through a first step of alloying the rare earth dopant and 
one or more of the host oxide additions to form a first powder material. The remainder of 
the host materials can be added prior to consolidation of the alloy target material. With 
this understanding the practitioner can fabricate alloy tiles of uniform composition. 
5 According to yet another aspect of the present invention, a method of forming 

targets 12 composed of individual tiles is provided. In order to form a wide area target of 
an alloy target material, the consolidated material must first be uniform to the grain size of 
the powder from which it is formed. It also must be formed into a structural material 
capable of forming and fuiishing to a tile shape having a surface roughness on the order of 

10 the powder size from which it is consolidated. As an example, the manufacture of indium 
tin oxide targets for wide area deposition has shown that it is impractical to attempt to form 
a single piece, wide area target of fragile or brittle oxide material. The wide area sputter 
cathode is therefore formed from a close packed array of smaller tiles. A target of a size 
used in the Examples herein may have from 2 to 20 individual tiles. The tiles are finished 

15 to a size so as to provide a margin of non-contact, tile to tile, 29 in FIG. 3, less than. 0.01 0" 
to 0.020" or less than half a millimeter so as to eliminate plasma process between the tiles. 
The distance of the target tile assembly comprising target 12 to the dark space anode or 
ground shield 19, in Figs, la and lb can be somewhat larger so as to provide non contact 
assembly or provide for thermal expansion tolerance during process chamber conditioning 

20 or operation. 

The low thermal expansion and fragile condition of ideal optical dielectric tile 
material can be a cause of great difficulty in bonding and processing a wide area array of 
such tiles. The bonding process according to the present invention that overcomes these 
difficulties is illustrated in FIG. 3. Sputter coating a side of such a tile in region 26 prior to 

25 bonding with backing plate 25 can be accomplished with a layer of a material such as 

chrome or nickel as a diffusion layer. Such a metallurgical layer acts as a wetting layer to 
be tinned with a suitable solder material such as indium or an indium alloy. The backing 
plate 25 should be made of titanium or molybdenum or other low expansion metal so as to 
provide a good match with the thermal expansion of the tile material. A very important 

30 aspect of the formation of a tiled target is the finishing and coating of the backing plate 
prior to the solder bonding of the array of tiles. The portion 27 of the backing plate to be 
exposed to vacuum, either between the tiles or about the periphery or dark space region of 
the tile assembly should be bead blasted and plasma spray coated with a material such as 
alumina or silica to prevent contamination of the process by the target backing plate 
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material. The portion 26 of the backing plate beneath the tile should be sputter coated with 
a material such as nickel or chrome to enable solder bonding. Pure indium solder, although 
it has a higher melting point than alloys such as indium-tin, is much more ductile. This 
allows the solder to yield during cooling of the solder bonded assembly relieybg stress on 
5 the bonded tiles. 

It is useful to provide an outer frame fixture which is located precisely for the 
location of the outer tiles. It is also useful to provide shim location, tile to tile, while the 
assembly is at temperature. The actual solder application and lay up procedure can be 
devised by those versed in solder assembly. It is essential for reasons of heat transfer that 

10 the solder forms a full fill of the volume between the tile and the backing plate. It is also 
essential that the solder not be exposed to the plasma. There should not be any visible 
solder in the region between the tiles or on the backing plate. To enable this condition it is 
useful to sputter coat the wetting layer area with an offset 28 of several millimeters on both 
the tile and the backing plate. It is also useful to pre-solder or tin both the tiles and the 

1 5 backing plate prior to final assembly. The solder material will not wet region 28 upon 
assembly. A mask for the sputter deposition of the diffusion barrier/wetting layer film is 
useful. Finally, cleaning of the bonded target tile assembly should utilize anhydrous 
cleaning rather than aqueous based cleaning methods. 

The RF sputtering methods for material deposition, described here, are combined 

20 with processes commonly used in semiconductor fabrication, such as photo-lithographic 
patterning and etching, to produce planar optical devices. A process to produce a surface 
ridge device is illustrated schematically in the device cross sections of Figs. 4a and 4b. RF 
sputtering is used to deposit a layer of cladding material 34 on a substrate 32. A layer of 
core material 36, having a higher index of refraction than the cladding layer is then 

25 deposited by RF sputtering on the cladding layer 34, followed by another layer 34 of the 
cladding material, as shown in FIG. 4a. A ridge structure 31 is then formed in the upper 
cladding layer and a portion of the core material, as required by the design of the 
waveguide, by means of lithography and etching, FIG. 4b. The ridge 31, serves to guide 
the light in the core material. In the case that the core material is doped with a 

30 photoluminescent active material and the conditions for amplification are met, such a 
structure may be used as a planar waveguide amplifier device. 

Figs. 5a-5e illustrate the steps of forming a buried ridge planar wave-guide. FIG. 5a 
shows the same sequence of films as FIG. 4a without the upper cladding layer. FIG. 5b 
shows a ridge 37 that has been formed by lithography and etching from the core layer 36. 
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The ridge is shown as unity aspect ratio but might have another aspect in cross section. 
Fig 5c illustrates the conformity or ridge coverage shape 38 of an overlayer of the cladding 
material formed by means of standard RF sputtering. The line of sight arrival of the 
sputtered cladding material results in poor step coverage of those portions of the ridge 
5 having low solid angle exposure to the sputter cathode source. The film grows in a lateral 
direction from the upper comers of the ridge resulting in a 'bread loaf shape. The 
overhang of the lateral growth causes the rate of deposition to decrease at the lower corner 
of the ridge. A 'bird's beak' shaped defect in the coverage is formed in the covering film. 
In micro-electronic applications, such a 'bird's beak', or leader, defect is the cause of 

10 electrical breakdown of an insulating dielectric layer. In the present optical application, a 
buried ridge wave-guide having an upper cladding as shown in FIG. 5c would demonstrate 
poor single mode confinement and substantial polarization dependence for the guided light 
due to the 'bird's beak defect. Substantial insertion loss would result from the roughness 
introduced by the defect in the longitudinal direction of the wave-guide. 

1 5 FIG. 5d illustrates the effect of dual frequency RF deposition on the formation of 

the coverage of the ridge. Using dual RF frequencies, a small amount of ion bombardment 
of the cladding layer 39 can be achieved during deposition, providing a small etch rate to 
reduce the lateral growth of the deposition on the top comers of the ridge. The small etch 
rate during deposition reduces the shadowing at the lower corner of the ridge and increases 

20 the step coverage. The low amount of ion bombardment also acts to density the film by 
forward scattering of the adsorbed, sputtered material and provides for increased mobility 
of the sputtered material on the surface of the film. Both effects act to reduce the leader 
defect shown in FIG. 5c. FIG. 5d shows the improved step coverage 39 that can result 
from the application of dual frequency power for the sputter deposition of the upper 

25 cladding. Due to the fact that the lower frequency, of the dual frequency process, is applied 
to the cadiode, the deposition rate will increase with the addition of the second frequency 
power. Thus, the positive effect of the second frequency can not be isolated from the 
deposition rate. However, the structure, shown in FIG. 5d, is not an ideal structure for the 
formation of a light wave guiding device because the step coverage defect has not been 

30 eliminated. 

FIG. 5e shows the effect of the addition of substrate bias during the sputter 
deposition of the upper cladding layer. The substrate bias power is independent of the 
source power. The addition of further bias power to the substrate will increase the etch 
rate. In practice it may be equal to the source power. The rate of deposition of the film 
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will be significantly greater on the horizontal features of the substrate then the rate of 
etching. However, due to the efficiency of ion etching of a feature of the film inclined near 
45 degrees from the horizontal surface, the net accumulation at that angle may be very low. 
By adjusting the ratio of the bias to the sputter power, an angle of constant repose can be 
5 impressed upon the accumulation shape of the deposited cladding layer. 

FIG. 5e shows schematically the step coverage that can be obtained in the cladding 
layer 40 by bias sputtering. FIG. 7 demonstrates that the smooth, straight sidewalls and 
characteristic 45 degree angles depicted schematically in FIG. 5e are achieved in practice. 
In particular, the leader defect and the shadowing effect of unbiased deposition can be 

1 0 completely eliminated. The step coverage can be increased by increasing the thickness of 
layer 40. While the discussion above has emphasized the beneficial geometrical effects of 
bias sputtering deposition of cladding layer 40, it is also useful to use bias sputtering to 
deposit all the layers of planar optical devices because of the increased transparency of 
bias sputtered materials. Also, since bias sputtering affects refractive index, it is desirable 

1 5 to use bias sputtering for both lower and upper cladding layers in order for the cladding 
layers to have the same refractive index. 

A wave guide device 30, as shown in FIG. 5e, with very low polarization 
dependence and high quality mode containment can be obtained in a material such as pure 
silica. If such a device is realized in pure silica without the use of dopants, substantial 

20 improvement in thermal stability over present devices can be achieved. Device 30 may be 
used as a wave-guide or splitter. When the core is rare earth doped, it may be utilized to 
form an active device such as an optical amplifier. When formed by thin film methods, 
arrays of such devices may be created. Exemplary dimensions of the cross section of ridge 
31 or 37 or core 46, discussed below, are from about 2 x 2 to about 9x9 nm. 

25 Exemplary dimensions for cladding layer 34 is between about 10 and 25 \im thick. 

The process of forming a trench device 50 is shown schematically in Figs. 6a - 6f. 
First, a thick layer 41 of cladding material is deposited by RF sputtering on substrate 32, 
FIG. 6a. Next a trench 42 is formed by photo-lithographic patterning and etching in 
cladding layer 41, FIG. 6b. Core material 43 may be RF sputtered into the trench, FIG. 6c. 

30 As in the case of covering a ridge, the lateral growth of the surface film shadows the line of 
sight coverage of the trench. The maximum thickness of the bottom fill of an aspect one 
trench with a film of unity thickness may be less than 10 to 20 %. In practice, the core 
layer can close off, leaving a void in the trench. The best prior art, teaches that the film 43 
should be etched back. An etch back process removes the surface layer, opens the void if 
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one has formed and leaves the partial fill in the trench, (see H. Ohkubo, et. al. 
"Polarization-Insensitive Arrayed- Waveguide Grating Using Pure Si0 2 Cladding, Proc. 
OECC 2000, Technical Digest, July 2000, Makuhari Messe, Japan.). A second deposition 
can fill the partially filled trench. In contrast, FIG. 6d shows the cladding layer applied by 
5 means of a dual frequency process. Using dual frequency, layer 44 remains open due to 
the etching influence of the second lower frequency. The bottom fill can increase to as 
much as 60 to 80 %. While dual RF deposition is more successful at filling the trench than 
single frequency deposition, the process is not ideal for fabrication of buried trench 
waveguides. 

10 According to the present invention, a trench can be filled in a single process step 

using bias sputtering. FIG. 6e schematically shows core material deposited by means of RF 
bias sputtering of layer 45. FIG. 7 demonstrates complete trench fill has been achieved, in 
practice with bias sputtering. The structure of FIG. 6e can be etched back by means of a 
bias process with the net rate of bias etching greater than the rate of deposition on the 

1 5 horizontal surface. It can also be mechanically polished or etched back. Deposition of a 
cladding layer by means of RF sputtering results in device 50 shown in FIG. 6f. Device 50 
can be used as a polarization independent wave guide. In the prior art, Ohkubo, et. al., the 
core material was doped with germania to raise the index of refraction. In the present 
invention, the control of the index of deposited pure silica can be used to provide the 

20 higher index material of the core as a uniform layer. The wide area magnetron RF source 
will also provide a uniform plasma condition for the application of the uniform bias 
sputtering. 

In the case of wave length division, Ohkubo, et. al. utilize a three step process of 
deposition, etch back and deposition to fill a trench between two ridge waveguide 

25 structures. In the design of planar waveguide structures there are many instances in which 
two core waveguide structures, formed either by etching a ridge or filling a trench, are 
brought together either to merge, thus forming a so called '3 dB' junction, or into close 
proximity so as to form a coupler. In these cases, narrow, deep structures are formed. In all 
these cases it is necessary to fill these structures of adjacency between nearby wave- 

30 guides. According to the present invention, the trench fill, the ridge coverage and the 
adjacent structure fill can be accomplished uniformly in the subject wide area RF bias 
sputtering process. In all cases, it is also necessary to adjust the index of refraction 
difference to a precise value. Such a value of An may be chosen from 0.1 to 0.8 percent for 
the purpose of weak mode confinement at a wavelength or for control of the numerical 
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aperture of a waveguide device. The index difference may need to be uniform to ±5% of 
the difference for each film. The overall nonuniformity of each film, 1 percent of 5 percent 
is 5x1 0" 4 . Evaluated at a nominal index of 1.50, such a nonuniformity corresponds to a 
variance of 0.00075 for each film. The nonuniformity of index reported here and achieved 
5 by means of wide area RF sputtering is, on first result, very close to the estimated value 
required for each film. 

The features and benefits of the present methods of wide area target RF sputtering 
to provide materials for planar optical devices are further illustrated in the following 
examples which are offered by way of illustration, but not of limitation. 

10 

EXAMPLE 1 : DEPOSITION OF Si0 2 

An AKT 1600 series PVD production reactor (Applied Komatsu Technology, Santa 
Clara, CA) modified for RF application with custom ceramic tile targets was used for RF 
sputter deposition of Si0 2 . A wide area target of dimension 550 x 650 mm was fabricated 

15 from four quartz tiles, each 4 mm thick, Corning code 9780 glass (Coming Inc. Elmira, 
NY). The tiles were finished to a smooth surface, chemically cleaned, rinsed with hot 
deionized water, dried, and sputter coated with several microns of chrome. The chrome 
coated sides were bonded to a thin plate of titanium as described above. The titanium 
backing plate was prepared for bonding by bead blasting, chemical cleaning, and plasma 

20 coating with silicon. The tiles and the backing plate were heated to approximately 180 °C 
and regions were coated with a layer of liquid indium. The tiles were precisely placed on 
the backing plate such that they were separated by no more than 0.02 inches from each 
other and from the edges of the region exposed to the plasma. 

A 150 mm p-type silicon wafer substrate was placed in the center of a 400 x 500 

25 mm glass carrier sheet. 800 watts of power was applied to the target at 13.56 MHz. A 
race-track shaped magnet of approximate dimension 150 mm x 600 mm was swept over 
the face of the target at a rate of 4 seconds per one-way scan (8 seconds per complete 
cycle.) Substrate temperature was uniformly held at 40 °C and the sputter gas was 
99.99999% pure argon at a flow rate of 60 seem. The target to substrate distance was 6.5 

30 cm. Deposition efficiency was approximately 0.8 A/kW-sec. Film thickness and index of 
refraction were measured at five equally spaced points over the full face of the wafer using 
a FilmTek 4000 interferometer. Refractive index at 1550 nm was 1.437998 ± 0.001297 
(0.09%); film thickness was 9227.66 nm with a nonuniformity of 6.8 %. Results are 
included as Sample A in Table 1 below. 
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EXAMPLE 2: DEPOSITION OF SiCh WITH INDEX MODIFICATION 

Si02 films were deposited by processes analogous to that described in Example 1, 
varying deposition temperature, applied power, and process gas. Results are tabulated in 
Table 1 below. 



Table 1 : Si02 Thickness and Refractive Index as Function of Deposition 
Conditions 





Power 
(watts) 


l emperatuxe 

(°C) 


Sputtering gas/ 
Flow rate (seem) 


Retractive index at 
1550 nm 


i rudeness (nm ) 


A 


800 


40 


Ar/60 


1.437998 (0.001297) 


9227.66 (6.8%) 


B 


800 


150 


Ar/60 


1.440923 (0.001979) 


3133.25 


C 


800 


400 


Ar/60 


1.450126(0.000726) 


9295.86 (4.8%) 


D 


1200 


150 


Ar/60 


1.448610(0.000976) 


9.2x10" 


E 


800 


150 


2%H 2 in Ar/60 


1.462198(0.001809) 


1287.15 


F 


800 


150 


N 2 /20,Ar/40 


1.580249 (0.008346) 


608.87 


G 


1400 


150 


N 2 /20, Ar/40 


1.548439(0.006499) 


2354.80 


H 


800 


400 


Ar/60 


1.450036(0.000702) 


9295.84(4.8%) 



Standard deviation (la) in parentheses 
# Thickness nonuniformity 



EXAMPLE 3: DEPOSITION OF SiO AND ERBIUM DOPED SiO 

Target tiles of SiO were prepared from a powder of SiO by low temperature 
isostatic pressure. The tiles were cut and bonded to a backing plate as described above. 
Mixed oxide tiles used to deposit erbium doped SiO were prepared by mixing powdered 
Er203 and SiO in a ratio of 2 molar cation percent erbia. SiO and Er doped SiO films were 
deposited as in Examples 1 and 2 above. Refractive index and thickness are tabulated for 
SiO in Table 2 and for Er doped SiO (SiO:Er) with an Er concentration of approximately 2 
x KpEr atoms/ cm 3 , in Table 3. 
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Table 2: SiO Thickness and Refractive Index as Function of Deposition Conditions 





Power 
(watts) 


Temperature 
(°C) 


Sputtering gas/ 
Flow rate (seem) 


Refractive mdex at 
1550 nm 


Thickness (nm) 


J 


1000 


150 


Ar/60 


2.084500 


691.78 


K 


1000 


150 


N 2 /10, Ar/50 


1.736693(0.010250) 


1000.96 


L 


1000 I 


150 


N 2 /25, Ar/50 


1.740680 


770.08 


* Standard deviation (la) in parentheses 
Table 3: SiO:Er Thickness and Refractive Index as Function of Deposition Conditions 




Power 
(watts) 


Temperature 

(°C) 


Sputtering gas/ 
Flow rate (seem) 


Refractive index* at 
1550 nm 


Thickness (nm) 


M 


1000 


150 


Ar/60 


2.132870 


791.35 


N 


1000 


150 


N 2 /10, Ar/50 


1.740480(0.017838) 


1501.04 


O 


1000 


150 


N 2 /25, Ar/50 


1.750910 


1400.11 


P 


1000 


150 


N 2 /50, Ar/25 


1.792790 


786.78 


Q 


800 


400 


0 2 /3, Ar/57 


1.454825 (0.005425) 


1159.50 



Standard deviation (la) in parentheses 



5 EXAMPLE 4: SINGLE AND DUAL FREQUENCY RF SPUTTER DEPOSITION OF 
SILICA 

An AKT 1600 series PVD production reactor and wide area target as described in 
Example 1 was used. High frequency (13.56 MHz) and low frequency (about 350 kHz) 
process powers are listed along with surface roughness and refractive index (RI) of the 

1 0 deposited films in Table 4 below. Depositions were all conducted at Ar flow rates of 40 
standard cubic centimeters per minute (seem) and at or near room temperature, except as 
noted below. Refractive index at 1.5 ^m was measured using a Film Tek 4000 normal 
incidence interferometer (SCI, Encinitas, CA). Average surface roughness, R a , was 
determined from Atomic Force Microscopy (AFM) measurements using a NanoScope HI 

15 5000 instrument (Digital Instruments, Veeco Metrology Group, Santa Barbara, CA) 
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Table 4. Average Surface Roughness and Refractive Index of RF Sputtered Silica 



EXAMPLE 


HF Power 
(kW) 


LF Power 
(kW) 


Ra(nm) 


RI 


Total Power 


LF/HF Power 
Ratio 


A 


2.3 




2.988 


1.4492 


2.300 


0 


B 


2.3 




2.804 


1.4494 


2.300 


0 


C 


2.3 




3.412 


1.4473 


2.300 


0 
















D 


2.0 


0.350 


1.818 


1.4538 


2.350 


0.175 


E 


2.0 


0.350 


1.939 


1.4533 


2.350 


0.175 


F 


2.0 


0.350 


2.007 


1.4547 


2.350 


0.175 


G 


2.0 


0.350 


2.571 


1.4520 


2.350 


0.175 
















H 


1.7 


0.600 


1.729 


1.4560 


2.300 


0.353 
















I 


1.7 


1.000 


1.445 


1.4617 


2.700 


0.588 
















J 


3.0 


0.525 


2.359 


1.4542 


3.525 


0.175 


r 


2.0 


0.350 


3.419 


1.4523 


2.350 


0.175 


L* 


3.0 


0.525 


4.489 


1.4449 


3.525 


0.175 



Deposition temperature 225 °C 
# Ar flow rate 120 seem 

Films deposited with a single frequency RF process (Examples A-C) had average 



5 surface roughness values in the range of 2.8 to 3.4 nm while the dual frequency process 
produced films with systematically lower average surface roughness of between 1.4 and 
2.6 run. Keeping other process conditions the same, increasing the ratio of low frequency 
to high frequency power is seen to result in decreasing surface roughness. Refractive 
index is observed to have the opposite proportional dependence on power ratio; increasing 

1 0 the low frequency power contribution results in films with higher refractive index. 

Beneficially, the higher refractive index material has the lower average surface roughness. 
Thus, in similar processes, core layer material can be obtained by using dual frequency 
deposition without use of dopants to modify the index of either layer, while using only the 
high frequency component produces a material of lower refractive index suitable for the 

15 cladding layer. 
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EXAMPLE 5: RF SPUTTER DEPOSITION OF SILICA WITH SUBSTRATE BIAS 

An AKT 4300 series PVD production reactor (Applied Komatsu Technology, Santa 
Clara, CA) modified to accept custom ceramic tile targets and modified to induce a voltage 
on the substrate was used to deposit silica on planar and patterned 100 mm silicon wafers. 
5 A wide area target of dimension 750 x 870 mm was fabricated as described in Example 1 . 
The wafers were placed in the center of a Corning code 1739 glass carrier sheet opposite 
the target. The reactor was operated in the diode sputtering mode, without magnetic 
enhancement, at a high frequency RF power of 2500 W and an induced voltage of -400V. 
A bias voltage of -125 V at 2 MHz and 250 W was induced on the substrate. An argon gas 

1 0 flow rate of 1 60 seem was used. 

Average surface roughness of a 0.75 |im thick film deposited on a planar wafer, 
determined as in Example 4, was 0.14 nm. The refractive index determined as the average 
of measurements at 12 points on the surface was 1 .4622 with a uniformity, defined as the 
difference of the minimum and maximum values divided by twice the average, of 3.4 x 10' 

15 5 percent. To the best knowledge of the inventors, the exceptional uniformity reported here 
exceeds that of any vacuum deposited film reported previously. 

FIG. 7 shows an SEM image of a silica film deposited over a patterned substrate. 
The trenches in the patterned substrate are seen to be completely and uniformly filled and 
the ridges are uniformly covered. The top surface of the layer overlying the ridges is flat 

20 and the sloping sides of the layer overlying the ridges are nominally at 45 degree angles. 
All of the foregoing geometric features are characteristic of bias sputtering deposition. As 
reported above, for trench features with unit aspect ratio, the maximum thickness at the 
bottom of the trench of films deposited by conventional RF sputtering is less than about 
10-20%. 

25 Although the present invention has been described in terms of specific materials 

and conditions, the description is only an example of the invention's application. Various 
adaptations and modifications of the processes disclosed are contemplated within the scope 
of the invention as defined by the following claims. 
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CLAIMS 

We claim: 

1 . A method of making a material layer used in forming planar optical devices, 
the method comprising: 

5 positioning a substrate opposite a planar target, the target having an area 

larger than the area of the substrate; and 

applying radiofrequency power at a first frequency to the target in the 
presence of a gas, under a condition wherein a central portion of the target 
overlying the substrate is exposed to a uniform plasma condition, whereby a 
1 0 material layer is formed on the substrate. 

2. The method of Claim 1 wherein the uniform plasma condition is created by 
applying a time-averaged uniform magnetic field. 

1 5 3. The method of Claim 2 wherein the uniform magnetic field is applied by 

moving a magnet positioned proximate to the target across the target in a plane parallel to 
the plane of the target. 

4. The method of Claim 3 wherein moving a magnet across the target is 

20 moving a magnet in a first direction, the magnet extending beyond the target, in a second 
direction perpendicular to the first direction. 

5. The method of Claim 1 wherein the area of the planar target is at least 1 .5 
times greater than the area of the substrate. 

25 

6. The method of Claim 5 wherein the material layer deposited on the 
substrate has a thickness nonuniformity of less than 5 percent. 

7. The method of Claim 6 wherein the material layer deposited on the 

30 substrate has a nonuniformity in an optical property that is smaller than a nonuniformity in 
thickness. 
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8. The method of Claim 1 further comprising applying radiofrequency power 
at a second frequency to the target wherein the second frequency is lower than the first 
frequency. 

5 9. The method of Claim 1 further comprising applying radiofrequency power 

to the substrate. 



10. The method of Claim 8 further comprising applying radiofrequency power 
to the substrate. 

10 

1 1 . The method of Claim 1 wherein the uniform plasma condition is created 
without use of a magnet and further comprising applying radiofrequency power to the 
substrate. 

15 12. The method of Claim 1 wherein the target comprises refractory oxides. 

13. The method of Claim 12 wherein the target comprises oxides of silicon. 

14. The method of Claim 13 wherein the target comprises silicon monoxide. 

20 

15. The method of Claim 12 wherein the target further comprises compounds of 
rare earths. 



16. The method of Claim 8 wherein the refractive index of a first material layer 
25 deposited with the radiofrequency power at the second frequency at a first power level is 

higher than the refractive index of a second material layer deposited with the 
radiofrequency power at the second frequency at a second power level, wherein the first 
power level is higher than the second power level and wherein the sum of the power levels 
of the first frequency and the second frequency are the same during deposition of the first 
30 material layer and the second material layer. 

17. The method of Claim 1 wherein the refractive index of a first material layer 
deposited with the substrate held at a first temperature is higher than the refractive index of 
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a second material layer deposited with the substrate held at a second temperature wherein 
the first temperature is higher than the second temperature. 

1 8. The method of Claim 1 wherein the refractive index of a first material layer 
5 deposited at a first radiofrequency power is higher than the refractive index of a second 
material layer deposited at a second radiofrequency power wherein the first power is 
higher than the second power. 



20. The method of Claim 1 wherein the gas further comprises a reactive gas 
whereby the refractive index of the material layer is modified compared with the refractive 
index of a material layer formed in the absence of the reactive gas. 



wherein the refractive index of the material layer is greater than the refractive index of a 
material layer formed in the absence of the reducing gas. 

22. The method of Claim 20 wherein the reactive gas is an oxidizing gas and 
20 wherein the refractive index of the material layer is smaller than the refractive index of a 
material layer formed in the absence of the oxidizing gas. 



19. The method of Claim 1 wherein the gas comprises an inert gas. 



10 



15 



2 1 . The method of Claim 20 wherein the reactive gas is a reducing gas and 



23. 



The method of Claim 1 wherein the target comprises a plurality of tiles. 



25 



24. 



The method of Claim 23 wherein the tiles comprise an alloy material. 



25. A method of making a planar optical device, the method comprising: 



depositing a first layer of cladding material having a first refractive index 



on a substrate by physical vapor deposition to form a first structure, wherein 



30 



radiofrequency power is applied to a planar source of cladding material positioned 



opposite the substrate, the source having an area greater than the area of the 



substrate, the power applied in the presence of a gas and under a condition wherein 



a central portion of the source overlying the substrate is exposed to a uniform 
plasma condition; and 
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depositing a layer of core material on the cladding material to form a second 
structure, the core material having a second refractive index greater than the first 
refractive index, the core material deposited by physical vapor deposition, wherein 
radiofrequency power is applied to a planar source of core material positioned 
opposite the first structure, the source of core material having an area greater than 
the area of the first structure, the power applied in the presence of a gas and under a 
condition wherein a central portion of the source of core material overlying the first 
structure is exposed to a uniform plasma condition; 

26. The method of Claim 25 further comprising: 

depositing a second layer of cladding material on the layer of core material 
by physical vapor deposition wherein radiofrequency power is applied to the planar 
source of cladding material positioned opposite the second structure under a 
condition wherein a central portion of the source overlying the second structure is 
exposed to a uniform plasma condition; and 

etching regions of the second layer of the cladding material and a portion of 
the thickness of the layer of core material to produce a ridge structure in the second 
layer of cladding material and in a portion of the layer of core material. 

27. The method of Claim 25 further comprising; 

etching regions of the layer of core material to produce a ridge structure in 
the layer of core material, forming a third structure; and 

depositing a second layer of cladding material over the ridge structure by 
physical vapor deposition wherein 

radiofrequency power is applied to the planar source of cladding 
material positioned opposite the third structure, under a condition wherein 
the central portion of the source of cladding material overlying the third 
structure is exposed to a uniform plasma condition, and 

radiofrequency power is applied to the third structure. 

28. The method of Claim 27 wherein depositing the first layer of cladding 
material further comprises applying radiofrequency power to the substrate. 
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29. The method of Claim 28 wherein depositing the layer of core materia! 
further comprises applying radiofrequency power to the second structure. 

30. A method of making a planar optical device, the method comprising: 

5 depositing a first layer of cladding material having a first refractive index 

on a substrate by physical vapor deposition, wherein radiofrequency power is 
applied to a planar source of cladding material positioned opposite the substrate, 
the source having an area greater than the area of the substrate, the power applied 
in the presence of a gas and under a condition wherein a central portion of the 
10 source overlying the substrate is exposed to a uniform plasma condition; 

forming a trench in the first layer of cladding material to form a first 
structure; 

depositing a layer of core material on the cladding material completely 
filling the trench, the core material having a second refractive index greater than 

15 the first refractive index, the core material deposited by physical vapor deposition, 

wherein radiofrequency power is applied to the first structure and radiofrequency 
power is applied to a planar source of core material positioned opposite the first 
structure, the source of core material having an area greater than the area of the 
substrate, the power applied in the presence of a gas and under a condition wherein 

20 a central portion of the source of core material overlying the first structure is 

exposed to a uniform plasma condition; 

removing core material overlying the first layer of cladding material 
exposing the cladding material except in the area of the trench to provide a 
cladding layer with filled trench; and 

25 depositing a layer of cladding material on the cladding layer with filled 

trench by physical vapor deposition wherein radiofrequency power is applied to the 
planar source of cladding material positioned opposite the cladding material with 
filled trench. 

30 31. The method of Claim 30 wherein depositing a first layer of cladding 

material further comprises applying radiofrequency power to the substrate, and wherein 
depositing a layer of cladding material on the cladding layer with filled trench further 
comprises applying radiofrequency power to the cladding layer with filled trench. 
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32. A method of making a composite sputtering target comprising a plurality of 
tiles, the target used for physical vapor deposition of material, the method comprising: 

sputter coating a side of each of the plurality of tiles with a wetting layer 
material to within an offset of the edge of each tile; 

providing a backing plate composed of a metal with thermal expansion 
coefficient similar to the thermal expansion coefficient of the plurality of tiles; 

plasma spray coating the backing plate with a ceramic material so as to 
cover the regions of the backing plate exposed during physical vapor deposition; 

sputter coating regions of the backing plate corresponding in placement to 
the wetted regions of the tiles with a wetting layer; 

wetting the sputtered regions of the plurality of tiles and of the backing 
plate with solder material; and 

assembling the plurality of tiles on the backing plate so as to form a solder 
bonded non contacting array of uniformly spaced tiles. 

33. The method of Claim 32 wherein the plurality of tiles comprise an alloy 
material. 

34. The method of Claim 32 wherein the wetting layer material comprises 
chrome or nickel or mixtures thereof. 

35. The method of Claim 32 wherein the ceramic material comprises alumina or 

silica. 

36. The method of Claim 32 wherein the solder material is indium. 
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4. Claims: 1,17,18,20-22 

Sputtering method using sputtering parameters to influence 
the refractive index of the coating. 

5. Claims: 25-31 

Methods for making optical devices. 

6. Claims: 1,23,24,32-36 

Method for making a composite target. 
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